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@ Electrochemical cell. 



@ The present invention relates to an electric 
current producing cell which contains an 
anode, a cathode having as a cathode-active 
material one or more carbon-sulfur compounds 
of the formula (CSx)n, in whk:h x takes values 
from 1.2 to 2.3 and n is greater or equal to 2, and 
where the redox process does not involve 
polymerization and de-polymerization by form- 
ing and breaking S-S bonds in the polymer 
backbone. The cell also contains an electrolyte 
which is chemically inert with respect to the 
anode and the cathode. 
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This Invention relates to thin film solid state elec- 
trochemical cells. More particularly, this invention re- 
lates to a novel positive electrode material having the 
formula (CSjJn wherein x is from about 1.2 to about 
2.3 and n is unspecified but at least greater or equal 
to 2. 

Batteries are used in almost all consumer elec- 
tronic products from flash lights to lap top computers. 
Over the years, considerable interest has been 
shown in developing high energy-density recharge- 
able batteries for many applications including electric 
vehicles. In this regard, thin film solid state batteries 
using the organo-sulf ur cathode materials of this in- 
vention are particularly well suited for use in many 
consumer applications because of their high energy 
to weight ratio. 

Two main types of cathode materials used in the 
manufacture of thin film lithium and sodium batteries 
are known in the art. The first materials include tran- 
sition metal chalcogenides, such as titanium disulfide 
with alkali metals as the anode. For example, among 
the cathode active chalcogenides, U.S. Patent No. 
4,049,879 lists transition metal phosphorous chalco- 
genides. Other U.S. patents, such as U.S. Patent 
Nos.4, 143.21 4. 4.152.491 and 4.664,991 describes 
cells wherein the cathode is a carbon/sulfur based 
material, generally of the CxS formula where x is typ- 
ically 10 or larger. 

U.S. Patent No. 4,143,294 to Chang, et al. de- 
scribes cells having cathodes containing CxS, where- 
in x is a numerical value from about 4 to about 50. U.S. 
Patent No. 4,152,491 to Chang, et al. relates to elec- 
tric current producing cells where the cathode-active 
materials include one or more polymer compounds 
having a plurality of carbon monosulfide units. The 
carbon monosulfide unit is generally described as 
(CS)x. wherein x is an integer of at least 5, and may 
be at least 50, and is preferably at least 100. In both 
cells developed by Chang, et al. the energy storage 
capacity is limited because there is a low density of 
sulfur-sulfur bonds. 

U.S. Patent No. 4,664,991 to Perichaud, et al. de- 
scribes a substance containing a one-dimensional 
electric conducting polymer and at least one polysul- 
f urated chain forming a complex with the polymer. 
Perichaud, et al. use a material which has two com- 
ponents. One Is the conducting polymer, which is se- 
lected from a group consisting of polyacetylenes. 
polyparaphenylenes, polythiophenes, polypyrroles, 
polyani lines and their substituted derivatives. The 
other Is a polysulfurated chain which is in a charge 
transfer relation to the conducting polymer. The poly- 
sulfurated chain Is formed by high temperature heat- 
ing of sulfur to produce a chain of the composition ... 
S-S-S-S ... of indeterminate length. As a result of us- 
ing this material, the cell of Perichaud, et al. exhibits 
a fairly low voltage of only 2.0 V against lithium. 

In a related approach, U.S. Patents 4,833,048 
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and 4,917,974 to De Jonghe, et al. describe a dass 
of cathode materials made of organo-sulfur com- 
pounds of the formula (R(S)y)n where y = 1 to 6; n = 
2 to 20, and R is one or more different aliphatic or ar- 

5 omatic organic moieties having one to twenty carbon 
atoms. One or more oxygen, sulfur, nitrogen or fluor- 
ine atoms associated with the chain when R is an ali- 
phatic chain can also t>e included. The aliphatic chain 
may be linear or branched, saturated or unsaturated. 

10 The aliphatic chain or the aromatic rings may have 
substituted groups. The preferred form of the cath- 
ode material is a simple dimer or (RS)2. When the or- 
ganic moiety R is a straight or a branched aliphatic 
chain, such moieties as alkyi, alkenyl, alkynyl, alkox- 

15 yalkyi, alkythioalkyi, or aminoalkyi group and their flu- 
orine derivatives may be included. When the organk; 
moiety comprises an aromatic group, the group may 
comprise an aryl. aralkyi or alkylaryl, including fluor- 
ine substituted derivatives, and the ring may also 

20 contain one or more nitrogen, sulfur, or oxygen het- 
eroatoms In the ring as well. 

In the cell developed by De Jonghe, et al. the 
main cathode reaction during discharge and recharge 
of the battery, is the breaking and reforming of S-S 

25 bonds. The breaking of an S-S bond is associated 
with the formation of an S"-M* ionic complex. The or- 
gano-sulfur materials investigated by De Jonghe, et 
al. undergo polymerization and de- polymerization 
upon the formation and breaking of the S-S bonds. 

30 The de-polymerization which occurs during the dis- 
charging of the cell results in lower weight monomeric 
species which can dissolve into the electrolyte, sev- 
erly reducing the utility of the organo-sulfur material 
as cathode-active material. The result is an unsatis- 

35 factory cycle life having a maximum of about 200 
deep discharge-charge cycles, more typically less 
than 100 cycles as described in J. Electrochem. 
SocVol 138, pp. 1891-1895 (1991). In particular, the 
organo-sulfur materials developed by De Jonghe, et 

40 al., are highly unstable in the presence of high con- 
ductivity plasticized, or gel electrolytes. 

A significant additional drawback with the orga- 
no-sulfur materials developed by De Jonghe, et al. is 
the slow kinetics of oxidation and reduction at ambi- 

45 ent temperatures, severely reducing the power of 
cells incorporating cathodes made with the organo- 
sulfur materials as cathode-active materials. The 
slow kinetics Is due to the oxidation and reduction be- 
ing related to the formation and breaking of sulfur- 

50 sulfur bonds, respectively. In contrast, the organo- 
sulfur materials of the present invention are conjugat- 
ed structures where the oxidation and reduction are 
independent of S-S bond formation and breaking and 
maintains a fast kinetic rate at ambient temperatures 

55 and below. 

Despite the various approaches proposed for or- 
gano-sulfur cathode materials, there remains a need 
for an inexpensive cathode material having a high 
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storage capacity, high discharge rate and a very long 
cycle life at ambient and sub-ambient temperatures. 

It is, therefore, a primary object of this invention 
to provide new organo-sulf ur based cathode materi- 
als for thin film solid state batteries which are Inex- 
pensive, yet avoid the limitations existing in the prior 
art, while offering performance characteristics much 
higher than those of known materials having an ac- 
tual specific energy in excess of 900 Wh/kg. 

It is another object of this invention to provide a 
new cathode having as the active cathode material 
poly(carbon disulfide) (PCS) polymers which does 
not undergo polymerization and de-polymerization 
upon oxidation and reduction. 

It is yet another object of this invention to provide 
a method of making a solid state rechargeable bat- 
tery including the novel cathode of the invention. 

The present invention provides a rechargeable, 
solid state electric current producing cell which con- 
tains: 

(a) an anode which is one or more alkali or alkali 
earth metals and mixtures thereof, or intercalat- 
ed carbon; 

(b) a novel cathode having as the cathode active 
material one or more carbon-sulfur compounds 
having the formula (CSJn wherein x is from about 
1.2 to about 2.3 and n is greater than 2, and pre- 
ferably greater than 20; and 

(c) a polymer electrolyte which is chemically inert 
with respect to the anode and the cathode and 
which permits the transportation of ions between 
the anode and the cathode. 

The anode material may be an elemental alkali 
metal or an alloy including the mixture of an elemental 
alkali metal and ore or more alloys made from an ele- 
ment selected from the Periodic Table Group lA and 
IIA metals. Lithium and sodium are useful materials 
for the anode of the battery of the invention. The 
anode may also be intercalated carbon such as LiCx 
where x is equal to 6 or greater 

The cathode employed in the battery of the in- 
vention as the cathode active material is a 
poly(carbon disulfide) polymer having the formula 
(CSx)n, wherein x is from 1.2 to 2.3 and n is a numer- 
ical value greater than 2, and preferably greater than 
20. 

Two gel polymer electrolyte systems have been 
successfully used in the ^brication of the cell of the 
invention. One system is based on a sulfonated poly- 
imlde with propylene carbonate (PC) and ethylene 
carbonate (EC) as the plasticizer components; and 
the other a high conductivity gel polymer electrolyte 
based on polyacylonitrile (PAN) with EC and PC add- 
ed. 

A method of making the solid state battery of the 
invention Is also provided. The method of making the 
cells of the present invention is particularly preferred 
for use in applications requiring long cycle life and 
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high energy storage capacity. 

As a result of the present invention, solid state 
batteries are provided having a longer cycle life, high- 
er specific energy and higher current than has been 

5 previously achieved with organo-sulf ur cathode ma- 
terials. In addition these batteries also have long 
shelf life and a low rate of self-discharge. 

For a better understanding of the present inven- 
tion, reference is made to the following description 

10 and the accompanying drawings, wherein: 

Figure 1 shows schematically possible struc- 
tures of poly(carbon disulfide). The polymer, as syn- 
thesized, is most likely a co-polymer of the structures 
shown in Figure 1. 

IS Figure 2 shows the galvanostatic discharge pro- 

file of a thin film Li/PAN.LiCI04-EC-PC/PCS battery 
as a function of time (a) and capacity (b) at a current 
density of 0.1 0 mA/ cm^ 

Figure 3 shows the cathode utilization achieved 

20 upon cycling as different densities. 

Figure 4 shows cyclic voltammograms of PCS 
and ((C2H5)2NCSS)2 in an electrolyte consisting of di- 
methylsulf oxide with 0.1 molar concentration of tet- 
raethylammonium perchlorate. 

25 The novel cell of the invention contains a speci- 

fied anode, and a cathode which is a composite of a 
non-aqueous oiganic electrolyte, PCS and conduc- 
tive carbon. The anode employed in the cell of the In- 
vention includes one or more metals selected from 

30 the group consisting of the Periodic Table Group lA 
and Group IIA metals. The anode may comprise any 
metal capable of functioning as a negative electrode 
in combination with the novel PCS cathode material 
of the invention. Preferably, however, the anode in- 

35 eludes one or more alkali metals. The anode may also 
comprise one or more alkali metals in combination 
with one or more alkali earth metals, or in combina- 
tion with one or more suitable metals. Most prefer- 
ably, the anode comprises a thin lithium foil of a thick- 

40 ness from about 25^m to about 250^m. 

The cathode employed in the cell of the present 
invention contains as its cathode active material a 
poly{carbon disulfide) (PCS) polymer having the for- 
mula (CSJn. wherein x is a numerical value from 1.2 

45 to 2.3 and n is a numerical value greater than or equal 
to 2, and most preferably greater than 20. 

Poly(carbon disulfide) was prepared by reacting 
carbon disulfide with sodium metal in an appropriate 
solvent. 

50 During the discharge of the cell, the PCS polymer 

is reduced. The reduction of PCS is accompanied by 
the Insertion of Li^ ions into the cathode from the 
electrolyte to maintain charge neutrality. 

In either a lithium or sodium battery, the main de- 

55 sign concerns are the kinetics and chemical and elec- 
trochemical reversibility of the reduction/oxidation, 
the density of available sulfur atoms, and the misci- 
bility with the polymer electrolyte. 

3 
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An advantage of using PCS as the cathode ac- 
tive material is the high density of sulfur atoms which 
results in a high density of charge-transfer electrons 
during oxidation-reduction. This is accompanied by a 
high density of Li"^ ions inserted for charge neutrality, 
resulting in a high capacity. In all PCS compounds 
used for the cathode of the invention the sulfur con- 
centration is always greater than the cart>on concen- 
tration. 

Another advantage of using PCS as the cathode 
active material in solid state batteries is the absence 
of low molecular weight moieties produced during ox- 
idation and reduction which may diffuse into the poly- 
mer electrolyte phase, particularly with gel electro- 
lytes. 

In contrast to the organo-sulfur materials devel- 
oped by De Jonghe, et al. PCS does notundergo poly- 
merization/de-polymerization upon charge and dis- 
charge, but maintains the Integrity of the polymer 
backbone. The oxidation-reduction process involves 
instead the conjugated nature of the polymer. Al- 
though the detailed structure of PCS as synthesized 
has not yet been completely determined, it is as- 
sumed to be a co-potymer of the structures shown in 
Figure 1. 

Thin film rechargeable lithium cells having a PCS 
based cathode have been made in a planar configur- 
ation. Their discharge capabilities, rechargeability 
and quick charge retention capabilities have been 
measured. Typical discharge characteristic curves for 
a Li/PCS cell with a gel electrolyte at 0.10 mA/cm2 are 
shown in Figure 2. 

In an unoptimized Li/PCS cell, typically operating 
at 2.5 volts, about 650 Wh/kg can be achieved with- 
out any packing hardware. Long term reversibility at 
four C-rates were Investigated by cycling 2.0 mAh 
cells in a planar sandwich cell at ambient tempera- 
ture. 

Fig, 3 illustrates the percentage of cathode utili- 
zation against the cycle number. The capacity calcu- 
lations and cathode utilization numbers were calcu- 
lated in a cycle interval of 25, until a capacity decline 
of 20% was observed. More than 800 cycles were 
achieved at low to moderate C-rates. This is in con- 
trast to 200 cycles or less for organo-sulfur materials 
which are based on the mechanism of polymerization 
and de-polymerization [J. Electrochem. Soc., Vol. 
138, pp. 1891-1895 (1991)]. 

The charging efficiency of an electrical cell is de- 
fined as the ratio between charge output and charge 
input to the cell during one complete cycle. For the 
cell of the invention, the charging efficiency is close 
to unity until the 200th cycle. After about the 475th 
cyde, when the capacity of the cell declined by 5%, 
the battery cycling was disrupted to measure the cell 
Impedance. A low cell impedance was observed 
which ruled out limitations under cathode/electrolyte 
interface. More importantly, a large life cycle was an- 
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ticipated. The declining cathode capacity after 500 
cycles was attributed to the possible formation of soft 
dendrites at the lithium anode-polymer electrolyte in- 
terface; therefore, these cells have been classified 
5 as anode performance limited battery systems. 

In a separate experiment, cells with PCS-based 
cathodes, lithium foil anodes and poly{ethylene ox- 
ide) - LiCI04 polynier electrolyte were cycled with 
change of lithium foil anode every 300 cycles in order 
10 to test the cycle life to the cathode. The experiment 
showed that PCS-based cathodes can be subjected 
to more than 2,500 cycles, or ten times longer than 
organo-sulfur materials which involve polymerization 
and de-polymerization [J. Electrochem. Soc, Vol. 
IS 138, pp. 1891-1895 (1991)]. 

The cyclic voltamnrK>granns shown in Figure 4 il- 
lustrate the fundamental difference between PCS 
and organo-sulfur materials whose electrochemical 
activity is based on breaking and reforming of S-S 
20 bonds. In the case of PCS the oxidation and reduc- 
tion peaks are closely aligned on the voltage axis, in- 
dicative of fast, reversible electrochemical kinetics 
expected from the oxidation and reduction of a con- 
jugated system. In the case of ((C2H5)2NCSS)2, which 
25 polymerizes and de-polymerizes by the forming and 
breaking of S-S bonds, respectively, during electro- 
chemical oxidation and reduction, there is a spread of 
afc)out 2 volts between the oxidation and the reduc^ 
tion peaks. This is indicative of slow kinetics associ- 
30 ated with bond breaking and formation. 

It is clear from these experimental results that 
PCS is a conjugated polymeric structure fundamen- 
tally different in its structure and electrochemical 
function compared with the materials developed by 
35 DeJonghe et al. This fundamental difference struc- 
turally and electronically is the cause for the substan- 
tially higher capacity and very much longer cycle life. 

The polymer electrolyte used in the cell of the 
present invention is any polymer electrolyte which is 
40 chemically inert with respect to the anode and the 
cathode, and which permits the migratbn of ions be- 
tween the anode and cathode. 

Different polymer electrolyte systems which 
have application to both lithium and sodium based re- 
45 chargeable batteries can be employed in the fabrica- 
tion of the cell of the invention, such as solid polymer 
electrolytes; single-ion conducting polymer electro- 
lytes and high conductivity gel polymer electrolytes. 
Liquid organic electrolytes are also useful electro- 
50 lytes for the invention. 

Single Ion conducting polymer electrolytes have 
been synthesized with highly delocalized anionic 
moieties covalently attached to the polymer back- 
bone to achieve high specific lithium ion conductivity, 
55 as described in U.S. Patent No. 4.882,243 (1989). 
The advantages of polymer electrolytes with exclu- 
sive cation conduction are found in reduced cell po- 
larization deriving from anion mobility, reduced vol- 

4 
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ume changes in the cathode from intercalation of Ion 
clusters and reduced salt-induced corrosion on the 
current collectors. Room temperature conductivities 
for single ion conducting polymer electrolytes descri- 

- bed in U.S. Patent No. 4,882,243 are in the range of 
10-^ to 10-^ S/cm range. 

Gel polymer electrolytes are also very effective 

' polymer electrolyte systems. They include plasticiz- 
ing agents in a polymer network. A substantial in- 
crease in lithium ion conductivity has been achieved 
by introducing ethylene carbonate ("EC") and propy- 
lene carbonate ("PC") plasticizer agents into poly- 
mers matrices. 

Other useful plastizing agents include N-methyl 
acetamide, sulfonate, sulfoiane, 1,2-dimethoxy- 
ethane, poly(ethylene glycol) 1,3-dioxolane and 
glymes. 

The plasticizing agents themselves are useful 
solvents to form liquid polymer electrolytes which 
provide other effective electrolyte systems for the cell 
of the invention. For example, mixtures of EC and PC 
with lithium salts, such as LiAsFe, are useful liquid 
electrolytes. 

Details of the preferred embodiments of the in- 
vention have been set forth herein in the form of ex- 
amples which are described below. The full scope of 
the invention will be pointed out in the claims which 
follow the specification. 

EXAMPLES 

Preparation of PolyCcarbone disulfide) 
Example 1 

1.7 g sodium (50% in paraffin) was washed with 
hexane. Sodium sand was added into 50 ml of DMSO 
and the solution was stirred until all the sodium dis- 
solved (24 to 48 hours). Equal moles of carbon disul- 
fide was then dropwise added into the DMSO and re- 
fluxed under nitrogen for 48 hrs. The sodium dicarbon 
disulfide salt is dissolved in water and acidified with 
6N HCI. Upon acidifcation, dark brown precipitate fell 
out. The reaction mixture was stirred at room temper- 
ature for 24 hours. The solution was then concentrat- 
ed to 1/4 of its original volume. The precipitate was 
then separated and washed with water and acetone 
and ground with acetone in a mortar and pestle as- 
sembly and filtered. The yellow acetone portion of the 
solution was discarded and the procedure repeated 
until the acetone looked clear, the precipitate was 
then separated and dried in a vacuum oven at SC'C 
for 24 hours. 

Example 2 

A 12 gram sample of sodium dispersion in xylene 
was added in small portions to an ice cooled mixture 
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of 100 ml of CS2 and 300 ml of methyl pyrolidinone 
and kept under nitrogen for 1 hour. After the addition 
was completed, the reaction mixture was stirred at 
room temperature for 2 days. The solvent was then 

5 removed under vacuum. The residue was dissolved in 
water and then ackJif led with 6N HCI. The hydrochlo- 
ric acid aqueous layer was decanted and the residue 
was washed with water and then acetone. The resi- 
due was then dried under vacuum at 55^C overnight. 

10 After cooling, the black material was ground with 
acetone in a mortar and pestle assemt>ly and filtered. 
The powder was repeatedly stirred with acetone until 
the solution became a light yellow color. The yield of 
the poly(carbon disulfide) was about 40 g. 

15 

Preparation of Poly(carbon disulfide) Based 
Composite Cathode 

Example 3 

20 

A mbcture of 40% by weight PCS prepared follow- 
ing the general procedure of Example 1 or 2, 50% 
polyacrylonitrile and 10% acetylene black was dis- 
solved in dimethylsulfoxide to form a slurry. The slur- 
25 ry was ground into fine partides and was then cast 
as a film 25-100^m on a 25^m thick nickel foil. The 
entire unit was dried in a vacuum oven at 40''C - SO^'C 
for 24 hours. 

30 Example 4 

A mixture of 40% by weight PCS, 45% by weight 
electrolyte and 15% acetylene black was dissolved in 
dimethylsulfoxide to form a slurry. The electrolyte 
35 could be polyethylene oxide, plus PC and EC and 
LiCFaSOa. The slurry was finally ground and then 
cast as a film onto a nickel foil. The entire unit was 
then dried in a vacuum oven at 40**C - 80*»C for 24 
hours. 

40 

Preparation of Rechargeable Batteries 
Example 5 

45 A rechargeable lithium battery of unipolar sand- 

wich design was prepared by sandwiching a polymer 
electrolyte of at>out 25fim thickness between a li- 
thium foil of 125^m thickness and a composite cath- 
ode of about 25-75 |im. To obtain laboratory prototype 

50 cells, the above components were sandwiched be- 
tween two stainless steel circular disks having 0.5cm 
thickness. A typical material used for the anode was 
lithium metal. The PCS of the invention prepared in 
accordance with the procedure of Examples 1 or 2 

55 was used for the cathode. The electrolyte employed 
in preparing the battery of the invention was a 
branched polysiloxane containing ethylene oxide 
side chains and a LiCFaSOs salt. 
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Example 6 

Following the general procedure of Example 5, a 
rechargeable lithium polymer electrolyte battery was 
prepared, having the composite cathode of the inven- 
tion, a lithium foil anode, 9.8 mg of polymer gel elec- 
trolyte and 2.3 mg of ultraf ine graphite powder. The 
composite anode contained 7.1 mg of PCS. 

The polymer gel electrolyte contained polyacry- 
lonltrile, ethylene carbonate, propylene carbonate 
and LICIO4 with a conductivity of 3 x1 0-3 S/cm at 

Figure 2 shows the first galvanostatic discharge 
profile of the cell of the invention at ambient temper- 
ature. At 0.1 0 mA/cm2 current density, a practical ca- 
pacity of 4.4 mAh has been achieved with a cut-off 
voltage at 1.5 volts. This translates into 87% of prac- 
tical cathode utilcation at a storage energy of 8.800 
mWh. 

Example 7 

Another rechargeable lithium cell was prepared 
having a composite cathode containing 5.4 mg of 
polymer gel electrolyte, 12.0 mg of active cathode 
material and 1.9 mg of graphite powder. Assuming a 
mid cell potential of 2.5V, a storage energy of 12,600 
mWh could be obtained. 

The performance characteristics of the cells pre- 
pared in Examples 6 and 7 demonstrate that by using 
the cathode of the invention a very high cathode util- 
ization is readily achieved resulting further in energy 
capacity storage much higher than those achieved by 
commercially available batteries. 

Example 8 

Rechargeable cells were prepared containing 
free-standing thin films of PCS-based composite 
cathodes. The cathodes contained 50% by weight of 
PCS, 40% by weight PAN, and 10% by weight acety- 
lene black. Fig. 3 shows the practical cathode utiliza- 
tion achieved upon cycling at different current densi- 
ties, assuming a 700 Ah/kg theoretical capacity. Dur- 
ing the first few cycles, the percentage of utilization 
ranges from 60 to 86% at high to moderate C-rates. 
At low C-rates. only 8% loss in the cathode utilization 
was observed at the end of about 800 cycles. At low 
C-rates, the cycling efficiency of the cell is expected 
to be at least 2,500 cycles with a nominal capacity 
loss. At moderately high C-rates, there was an initial 
polarization during the first five cycles, which re- 
duced the practical utilization by about 10-25%. Only 
a capacity decline of a maximum of 15% was ob- 
served at the end of 800 cycles. At high C rates, the 
capacity declined to 40% at the end of 400 cycles. 



Example 9 

A rechargeable lithium battery was prepared 
having a lithium foil of 125 \vm thickness, a fiber re- 
5 inforced 1 M LiGI04 in propylene carbonate/dimethyl 
ethoxide electrolyte and a PCS-based composite 
cathode. The cathode contained 50% by weight PCS, 
40% by weight PAN, and 10% by weight acetylerie 
black. The battery prepared for this example exhibit- 
to ed about 500 cycles with a maxi mum cathode capaci- 
ty loss of 1 0% compared to the first cycle. The cells were 
subjected to a twenty minute quick discharge/ charge 
cycle without any rest period by trial and error method 
to choose the appropriate voltage and current limits. 
16 The average material utilization during the first 200 
cycles was 72% and about 60% between the 250th 
and 425th cyde. The cycle efficiency defined as the 
ratio between charge output (discharge) and charge 
input (charge) to the cell during one complete cyde is 
20 close to unity up to 200 cycles. 

The results obtained in Examples 8 and 9 dem- 
onstrate that at ambient temperature the lithium 
Li/PCS cells of the invention can be cyded extensive- 
ly with a minimum loss of capacity. Poly(carbon dis- 
25 ulfide) based lithium polymer electrolyte recharge- 
able systems with 2.5 volt mid-cell potential have 
thus been successfully developed with a high energy 
density and long cyde life capability. The battery sys- 
tem of the invention, therefore, can be rated as an ex- 
30 cellent rechargeable system with high energy densi- 
ty, long cycle life and an extremely long shelf-life. 



Claims 

35 

1. An electric current-producing cell, comprising: 

(a) a solid anode wherein said anode compris- 
es a material selected from one or more alkali 
metals, a mbcture of one of more alkali metals, 

40 one or more alkaline earth meals, lithium-alu- 

minum alloys, sodium alloys and lithium and 
sodium intercalated carbon; 

(b) a composite cathode containing as cath- 
ode-active material one or more conjugated 

45 carbon-sulfur compounds having the formula: 

(CSx)n 

wherein x Is from 1 .2 to 2.3 and n is greater or 
equal to 2, preferably greater than 20, and 
with an electrochemical activity of oxidation 

50 and reduction which does not involve forming 

and breaking sulfur-sulfur bonds in the poly- 
mer backbone; a polymer electrolyte for trans- 
port of Ions; and conducting cart)on for the 
transport of electrons; and 

55 (c) a polymer electrolyte containing a lithium 

or sodium salt, which is chemically inert with 
respect to said anode and said cathode, and 
which permits the transportation of ions be- 
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tween said anode and said catliode. 

2. A cell according to claim 1 wherein said electro- 
lyte is selected from solid polymer electrolytes, 
single-ion conducting polymer electrolytes, gel 
polymer electrolytes and liquid organic electro- 
lytes. 

3. A cell according to daim 2 wherein the polymer 
electrolyte is a lithium or sodium ion-conducting 
polymer having a polysiloxane backbone. 

4. A cell according to claim 2 wherein the gel poly- 
mer electrolyte contains plasticizing agents se- 
lected from propylene carbonate, ethylene car- 
bonate, N-methyl acetamide, sulfonate, sulfo- 
lane, poly(ethylene glycol), 1,2-dimethoxy-etha- 
ne, 1,3-dioxolane and glymes. 



poly(carbon disulfide) with an effective amount of 
polymer electrolyte and an effective amount of 
acetyline black. 

5 10. A method of forming a solid state rechargeable 
battery which comprises: 

(a) providing a solid anode formed from ma- 
terial selected from one or more alkali metals, 
one or more alkaline earth metals, and inter- 
to calated carbon; 

(b) providing a composite cathode formed by 
coating a cathode substrate with a mixture 
comprising an effective amount of 
poly(cart>on disulfide) with an effective 

15 amount of polymer electrolyte and an effec- 

tive amount of acetyline black; 

(c) enclosing a polymer electrolyte between 
said anode and said cathode. 



5. A cell according to claim 1 wherein said electro- 20 
lyte is an alkali metal salt selected from MCIO4, 
MSO3CF3. MBF4 MAsFe, MPFe. MN(CF3S02)2. 
MS02(CF2)4S02N and MC(CF3S02)3. where M Is 

Li or Na. 

25 

6. A method of preparing a composite cathode 
which comprises coating a cathode substrate 
with a mixture comprising an effective amount of 
poly(carbon disulfide) with an effective amount of 
polymer electrolyte and an effective amount of 30 
conducting carbon. 



7. A method of forming a solid state rechargeable 
t>attery which comprises: 

(a) providing a solid anode formed from ma- 35 
terial selected from one or more alkali metals, 

a mixture of one or more alkali metals, one or 
more alkaline earth metals, lithium-aluminum 
alloys, sodium alloys, and lithium and sodium 
intercalated carbon; 40 

(b) providing a composite cathode formed by 
coating a cathode substrate with a mixture 
comprising an effective amount of 
poly(carit>on disulfide) with an effective 
amount of polymer electrolyte and an effec- 45 
tive amount of conducting carbon; 

(c) enclosing a polymer electrolyte between 
said anode and saki cathode. 



8. A novel cathode which comprises a cathode ma- 50 
terial having the formula: 

(CS,)n 

wherein x is from 1 .7 to 2.3 and n is greater than 
or equal to 2. 

55 

9. A method of preparing a composite cathode 
which comprises coating a cathode substrate 
with a mixture comprising an effective amount of 

7 
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(g) Electrochemical cell. 
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